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Abstract
The interface and electronic structure of thin (∼20-74 nm) Co3O4(110) epitaxial films grown by oxygen-assisted molecular
beam epitaxy on MgAl2O4(110) single crystal substrates have been investigated by means of real and reciprocal space
techniques. As-grown film surfaces are found to be relatively disordered and exhibit an oblique low energy electron
diffraction (LEED) pattern associated with the O-rich CoO2 bulk termination of the (110) surface. Interface and bulk
film structure are found to improve significantly with post-growth annealing at 820 K in air and display sharp rectangular
LEED patterns, suggesting a surface stoichiometry of the alternative Co2O2 bulk termination of the (110) surface. Non-
contact atomic force microscopy demonstrates the presence of wide terraces separated by atomic steps in the annealed
films that are not present in the as-grown structures; the step height of ≈ 2.7 A˚ corresponds to two atomic layers and
confirms a single termination for the annealed films, consistent with the LEED results. A model of the (1× 1) surfaces
that allows for compensation of the polar surfaces is presented.
Key words: Co3O4, spinel, interface structure, polar surfaces, surface termination
PACS: 68.37.-d, 68.35.Ct, 68.37.Og, 68.37.Ps, 68.55.-a, 75.50.Ee
1. Introduction
The oxides of the 3d transition metals form an important
class of materials with properties that depend sensitively
on the cationic oxidation state and the electronic envi-
ronment. As a consequence, these compounds display a
multiplicity of magnetic, electronic and catalytic behavior
that makes them interesting from both fundamental and
practical perspectives. In particular, the ongoing trend
towards controlling the electronic properties of materials
at the nanoscale implies that, in addition to the develop-
ment of methods for the fabrication and growth of high
quality thin films, an understanding of the physical mech-
anisms underlying the properties of such systems at the
atomic scale are key. In this paper we show that the sur-
face and bulk properties of [110]-oriented Co3O4 thin films
depend sensitively on growth conditions and post-growth
annealing. In particular, we show that the surface ter-
mination can be switched between the two possible bulk-
terminations of [110]-oriented spinels.
Cobalt, like most 3d transition metal elements, can exist
in more than one oxidation state. Of the two stable cobalt
oxides, the mixed valence compound, Co2+Co3+2 O4, is sta-
ble at ambient pressure and temperature and crystallizes
∗Corresponding author. Email: carlos.vaz@yale.edu
in the spinel structure. Meanwhile, the high temperature
CoO phase crystallizes in the rock salt structure. Both ox-
ides are antiferromagnetic at low temperatures, with Ne´el
temperatures of approximately 40 and 290 K, respectively
[1, 2, 3, 4, 5, 6, 7, 8].
Surfaces and interfaces of Co3O4 are complicated by the
fact that all the low index planes of the spinel structure
are polar. Therefore, the clean, bulk-terminated crys-
tal surfaces have divergent electrostatic surface energies
due to a thickness-dependent electric dipole of the crystal
[9, 10, 11]. Charge compensation mechanisms that lead
to a finite dipole may result in important modifications of
the surface geometric and electronic structure, including
changes in the valence state of surface ions, surface recon-
structions, surface roughening and faceting, among others
[9, 10, 11, 12, 13, 14]. One topical example of an elec-
tronic modification is the recent observation of metallic
interface states in SrTiO3/LaAlO3 heterostructures, be-
lieved to originate from the polar discontinuity across the
interface [15]. There is therefore general interest in study-
ing the surface and interface structure of polar oxides.
Here, we consider the surface and interface properties
of [110]-oriented epitaxial films of the prototypical Co3O4
spinel grown on MgAl2O4(110) substrates. While the
growth of polycrystalline Co3O4 films has been reported
extensively [16, 17, 18, 19], the growth of epitaxial Co3O4
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films has been studied much less often. In one instance,
epitaxial Co3O4 films up to 5 A˚ thick have been grown
on CoO(001) single crystals by oxidation at high tempera-
tures in an oxygen atmosphere [20, 21]. Atomic layer depo-
sition has also been used to grow epitaxial Co3O4 films on
MgO(001) [19]. However, the use of MgAl2O4 substrates
has several unique advantages; both materials are normal
spinels and have lattice constants that match each other
almost exactly, a = 8.086 A˚ for Co3O4 [22] and a = 8.0858
A˚ for MgAl2O4 [23, 24]. The same crystal structure should
also preclude the formation of antiphase boundaries that
originate when lower symmetry structures are grown on
higher symmetry surfaces, and the good chemical and ther-
mal stability of MgAl2O4 guarantees no interdiffusion at
high growth temperatures. The (110) surface is also char-
acterized by having a four-repeat period as opposed to
the eight-period repeat of the (100) surface, and therefore
should be less susceptible to stacking faults and antiphase
boundary formation, leading in principle to fewer defects
in the film. As pictured in Fig. 1, in the [110]-direction
the spinel structure is composed of type A planes with a
Co2+2 Co
3+
2 O4 stoichiometry and a formal charge of +2 per
surface unit cell alternating with Co3+2 O4 type B planes
with a formal charge of –2. The orientation is therefore
polar, and faceting or reconstruction of the film surfaces
might be expected.
In this paper we show that Co3O4(110) thin films can be
grown epitaxially on MgAl2O4(110) substrates by oxygen
assisted molecular beam epitaxy. Despite the expectation
that the polar surfaces would reconstruct, we observe only
(1 × 1) surface diffraction patterns with no evidence of
periodic reconstructions. Although the as-grown films dis-
play rough surfaces and bulk defects, these features can be
largely eliminated by post-growth annealing in air, which
leads to well ordered, atomically flat surfaces and inter-
faces. Such well defined surfaces have allowed the growth
of stoichiometric epitaxial PdO thin films for surface re-
action studies [25]. Interestingly, we find that annealing
appears to change the surface termination from a (1 × 1)
B-type termination to a (1 × 1) A-type termination. A
model of the (1× 1) surfaces that allows for compensation
of the polar surfaces will be presented.
2. Sample growth and characterization
MgAl2O4(110) single crystals were used as substrates
for the growth of Co3O4 due to the small lattice mismatch
of –0.05% and good thermal and chemical stability. The
substrates were first outgassed and cleaned in situ with
an O-plasma at 770 K for 30 min. Such treatment ren-
ders the MgAl2O4 surface free of C contaminants, as de-
termined by Auger electron spectroscopy (AES); the only
impurities detected consist of 2-3 at. % Ca to within the
probing depth of AES, about 3 nm. The high quality of the
MgAl2O4(110) surface crystallinity was confirmed by low
energy electron diffraction (LEED) and reflection high en-
ergy electron diffraction (RHEED), which display patterns
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Figure 1: (Color online) The two possible bulk crystal terminations
of the spinel structure A2+B3+2 O4 along the (110) plane, where the A
cations occupy tetrahedral positions and the B cations occupy octa-
hedral positions; the dashed lines correspond to the surface primitive
unit cells. In type A, both 2+ and 3+ cations are present, while type
B has only 3+ cations. Both surfaces are polar.
characteristic of highly ordered surfaces (see Figs. 2 and 3).
The Co3O4 films were grown by oxygen assisted molecular
beam epitaxy by simultaneous exposure of the substrate
to a thermally evaporated Co atomic beam and an atomic
O flux. Initial growth studies indicated that better films
were obtained when growth was started at 770 K and then
lowered to 570 K after about 1 nm deposition, as judged
by RHEED. The initial higher temperature promotes sur-
face diffusion, while continued growth at this temperature
caused CoO to form. The oxygen partial pressure during
growth was 3×10−5 mbar, and the electron cyclotron res-
onance oxygen plasma source magnetron was run at 125
W, yielding an atomic O flux of the order of 1 × 1014
cm−2s−1 at the sample [26, 27]. The Co evaporation rate
was typically 2 A˚/min, and film thicknesses were estimated
by means of a calibrated quartz crystal balance. Sample
growth was monitored with RHEED, and after layer com-
pletion, the Co3O4 film crystallinity and electronic struc-
ture were determined by RHEED, LEED, x-ray photoe-
mission (XPS), and Auger electron spectroscopy (AES).
AES indicates that no significant amounts of impurities
were present (none were detected within the accuracy of
our spectrometer, equipped with a double-pass cylinder
mirror analyzer).
After film growth, the samples were characterized using
a variety of structural techniques, before and after anneal-
ing, including x-ray diffraction and reflectometry, atomic
force microscopy and transmission electron microscopy.
Sample annealing was performed at 820 K for 14 h in flow-
ing air; this temperature and oxygen partial pressure fa-
vor the formation of Co3O4 over CoO [28, 29, 30]. For
this study, eight sets of samples were grown and char-
acterized, and the results were found to be consistent
and reproducible for all samples, in particular the LEED,
RHEED, XPS, atomic force microscopy (AFM) and AES
data. Non-contact AFM data were taken on two differ-
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Figure 2: Low energy electron diffraction (LEED) patterns of the
MgAl2O4(110) and Co3O4 films before and after annealing, at two
selected electron beam energies. The crystal orientation, inferred
from the LEED pattern, is shown in the inset. Unit cells of the LEED
pattern are drawn in white. For the MgAl2O4 and annealed Co3O4
LEED patterns, the dimensions of the unit cell (in reciprocal space)
correspond to the unit cell of the surface, a × a/√2, as estimated
from the scattering geometry of our LEED system.
ent samples, and transmission electron microscopy (TEM)
measurements were made on one sample only (for TEM,
one half was annealed after cleaving, for a comparative
study). In the following, the LEED and RHEED data cor-
respond to the same sample, for better comparison of the
electron diffraction data.
Typical LEED and RHEED patterns of the Co3O4 films
after growth are shown in Figs. 2 and 3, respectively. Com-
pared with the MgAl2O4 LEED patterns, the diffraction
spots of the as-grown Co3O4 film are much broader, and
the background is also more intense, indicating that the
as-grown Co3O4 films have a significant amount of surface
disorder (severe charging of the surface also contributes to
the poor patterns, especially at lower electron beam ener-
gies). The RHEED patterns exhibit streaky and relatively
broad diffraction spots, characteristic of a three dimen-
sional growth mode and a relatively disordered surface.
However, Kikuchi lines are observed along some directions
(the observation of Kikuchi patterns in RHEED has been
associated with the presence of relatively smooth surfaces
[31]). Both RHEED and LEED data indicate that, despite
the local surface disorder, long range order is preserved.
The annealing process induces significant transforma-
tions in the film structure, as indicated by different and
much sharper LEED and RHEED patterns. In fact, the
quality of these patterns becomes comparable to that of
the MgAl2O4 single crystal substrate surface. For the an-
nealed Co3O4 surface, the LEED background intensity is
very low, with very sharp diffraction spots, and our data
show that in the range from 40 eV to 150 eV there are
no changes in the LEED pattern and no discernible in-
crease in background intensity. One striking feature of the
LEED patterns is the different symmetry exhibited by the
as-grown and annealed films: while the former exhibit an
oblique unit cell, the latter is found to exhibit predom-
inantly a rectangular unit cell. Such LEED patterns are
compatible with the two possible terminations of the (110)
plane of the spinel structure: type A termination for the
annealed films, exhibiting a rectangular unit cell, and type
B for the as-grown films, with an oblique unit cell (see
Fig. 1).
X-ray photoemission spectroscopy measurements of the
Co3O4 films after growth and after annealing were car-
ried out to assess the film stoichiometry. The XPS spectra
were obtained using the Mg Kα line (hν = 1253.6 eV) of
a double anode x-ray source and a double pass cylinder
mirror analyzer (Φ 15-255G) set at a pass energy of 25
eV (energy resolution of about 0.8 eV). High resolution
XPS spectra of the O 1s and Co 2p lines of the as-grown
and annealed films are shown in Fig. 4. Corrections to
the data include a five-point adjacent smoothing, satellite
correction and correction of energy shifts due to charging
(aligned with respect to the Co 2p peaks, using the energy
assignments given in [32, 33]). One observation is that
the Co 2p spectra for both samples are identical, showing
that no significant changes in stoichiometry or in the ionic
state of the Co cations occur as a consequence of anneal-
ing. A second observation is that the Co 2p spectra are
characteristic of a Co3O4 ionic environment [32, 33], with
strongly suppressed shake-up peaks compared to those of
CoO [21, 30, 32, 33, 34, 35, 36, 37]. The O 1s photoe-
mission line is also similar before and after annealing, al-
though some variation in the shape of the O 1s line is
observed. This could be related, in some instances, to the
effect of the O-plasma cleaning procedure (at room tem-
perature) before XPS spectra collection: given the surface
sensitivity of XPS, small variations in the amount of sur-
face adsorbed O may lead to slight variations in the O
1s line; in fact, the additional peak observed at higher
binding energies has been attributed to adsorbed oxygen
[20, 32, 37, 38, 39, 40, 41, 42], although surface hydroxy-
lation, which also yields a similar peak [33, 37], cannot be
ruled out.
Structural characterization of the Co3O4 films was car-
ried out ex situ by x-ray scattering measurements on a
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Figure 3: Reflection high energy electron diffraction (RHEED) patterns of the MgAl2O4(110) substrate and Co3O4 films before and after
annealing, along different azimuths (parallel to the electron beam, set at a grazing angle of incidence). The angle of incidence changes slightly
with azimuth due to eccentricity in the sample holder.
Figure 4: (Color online) Core level x-ray photoelectron spectra for
as-grown and annealed Co3O4 films.
Shidmazu diffractometer using the Cu Kα line (λKα1 =
1.540606 A˚) with a Ni filter to remove the sharp Cu Kβ
lines. x-ray diffraction (XRD) spectra of the as-grown
and annealed films show only diffraction peaks associ-
ated with the (110) planes of MgAl2O4; this also indi-
cates that the cobalt oxide grown is Co3O4, since only
this phase has diffraction peaks that coincide with those of
MgAl2O4. The spectra for the as-grown and annealed films
are identical, although the diffraction lines of the Co3O4
and MgAl2O4 cannot be discriminated due to the close-
ness of the lattice constants of the two structures. Rocking
curves of the (220) and (440) peaks show a double peak in
the as-grown sample, which is attributed to the presence
of twin domains in the MgAl2O4 substrate; this double
peak feature is absent in the annealed sample, indicating
that the MgAl2O4 domains have merged upon annealing.
The full width at half maximum (FWHM) of these peaks
is below the instrumental resolution of the diffractometer,
0.02o. More significant are the x-ray reflectivity (XRR)
spectra for the as-grown and annealed films. In this scat-
tering geometry, interference between the film interfaces
gives rise to oscillations in the reflected intensity (Kies-
sig fringes), whose amplitude depends on the difference in
potential between interfaces; interface roughness dampens
these oscillations and affects the rate of decay in intensity
with momentum transfer. Below the critical angle for total
reflection, all light is reflected off the surface. The XRR
spectra of as-grown and annealed Co3O4 films are shown
in Fig. 5. One finds that the reflected intensity of the as-
grown film falls off rapidly, with a strong dampening in the
fringe oscillations, suggesting relatively rough interfaces;
the annealed film, however, shows undamped oscillations
over the entire momentum transfer range probed, up to
0.5 A˚−1. Fits to the data were performed using bulk scat-
tering factors and, starting with nominal thicknesses and
initial guesses for the interface roughness parameters, by
modifying the initial parameters until a good visual fit to
the data was obtained; the accuracy of the fits are within
±5 A˚ for the interface roughness and ±2 A˚ for the thick-
ness (which does not take into account systematic errors,
such as sample displacement, which occurs if the sample
is not in the center of the goniometer circle). The fits to
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the experimental data suggest that the interface rough-
ness has decreased from 10-20 A˚ for the as-grown film to
0-2 A˚ after annealing; in addition, it is found that both
surface and interface interface roughness parameters have
changed, indicating that structural changes occur through-
out the whole film following the annealing procedure.
Figure 5: (Color online) x-ray reflectivity spectra (symbols) for the
as-grown and annealed Co3O4 films. Data have been shifted by a
factor of 10 for convenient data display; solid lines are fits to the
data and give a thickness of 292 A˚ for the as-grown film and 255 A˚
for the annealed sample.
The surface morphology was also probed using real
space techniques, including atomic force microscopy
(AFM) at room temperature and high resolution non-
contact atomic force microscopy (NC-AFM) at low tem-
peratures. AFM in contact mode was used to obtain a
large area scan of the surface morphology; these scans
show that annealing induces a significant surface smooth-
ing, with the average roughness (measured over a 4 µm2
area) decreasing from 2.5 A˚ to 1.5 A˚ upon annealing.
Nanometer scale topographical measurements were per-
formed on the as-grown and annealed Co3O4 thin films
using a home built, low-temperature, ultrahigh vacuum
atomic force microscope, described in detail elsewhere [43].
The microscope operates in non-contact mode [44] using
the frequency modulation technique [45] with a quartz tun-
ing fork and an electrochemically etched Pt/Ir tip force
sensor [46, 47]. Prior to the measurements, the sample
was cleaned in the instrument preparation chamber under
an oxygen plasma (at 5× 10−7 mbar pressure) at ∼370 K
for 45 min for the as-grown sample and 3 h for the annealed
sample. The results of both measurements are shown in
Fig. 6 and provide striking evidence for the improvement
in surface morphology upon annealing. The surface to-
pography of the as-grown film is irregular, with elongated
features set preferentially along one direction, which the
RHEED data suggests to be along the in-plane [100] di-
rection. In contrast, the annealed surface exhibits well
defined atomic steps, confirming the atomic smoothness
suggested by the reciprocal space techniques. Figure 6(c)
shows a line profile over four terraces, spanning about 0.8
nm in height, giving a step height of ∼0.27 nm, which cor-
responds approximately to two Co3O4(110) atomic planes,
0.286 nm in height. This result confirms a single termi-
nation for the annealed films, consistent with the LEED
results.
 
 
(a) 
 
(b) 
Figure 6: (Color online) (a) High resolution non-contact atomic force
microscopy image of the as-grown Co3O4 film acquired under ultra-
high vacuum conditions at 77 K, recorded at ∆f = −0.95 Hz with a
tuning fork resonance frequency of 29805 Hz, scan speed of 75 nm/s,
and oscillation amplitude of 1.30 nm; the image size is 300×300 nm2.
(b) NC-AFM image for the annealed Co3O4 film acquired under ul-
trahigh vacuum conditions at 6 K, recorded at ∆f = −2.6 Hz, tuning
fork resonance frequency of 30001 Hz, scan speed of 200 nm/s, and
oscillation amplitude of 0.25 nm; the image size is 200 × 200 nm2.
The vertical scale range is from 0-8 A˚ in both cases. (c) Step profile
of the terraces observed in (b) for the annealed Co3O4 surface.
In addition to the surface characterization, we have car-
ried out cross-sectional high resolution transmission elec-
tron microscopy (TEM) measurements in order to obtain
a more detailed knowledge of the crystalline structure at
the film interface and in the bulk of the film. Sample
preparation involved slicing, polishing, dimpling and Ar-
ion milling in a liquid nitrogen cooled sample stage. The
TEM images were obtained in a JEOL 3000F microscope
at 300 kV with a point resolution of 0.165 nm. Representa-
tive TEM images obtained for the as-grown and annealed
samples are shown in Fig. 7, where several modifications
in the film structure upon annealing are evident, both at
the interface and in the bulk of the films: (i) one observes
that while the Co3O4/MgAl2O4 interfaces are well defined
for both the as-grown and annealed films, in the regions
of 2-3 unit cells from the interfaces the details of the in-
terfacial structure differ significantly in that the atomic
positions, as represented by the white dots, seem off reg-
istry compared with the regions away from the interface
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for the as-grown film, suggesting the presence of interfacial
strain, while little registry deviation is observed for the
annealed film. (ii) In the bulk of the as-grown film, the
TEM images show speckle contrast, indicating the pres-
ence of lattice distortion as well as variation in sectional
thickness, which could also indicate the presence of struc-
tural disorder along the in-plane [100] direction, as sug-
gested by the observation of the broadening of the Bragg
reflections seen in the inset to Fig. 7 (top left). For the
annealed film, the integrity of the crystal structure in the
bulk of the film is nearly perfect. (iii) At the surface of
the film, one finds that the as-grown film has a relatively
large surface roughness; the clearly defined side profile in-
dicates that the roughness is oriented along the [110] di-
rection, as also suggested by the RHEED and NC-AFM
data. The surface atomic structure of the as-grown film
seems to be strongly modified at the top of the islands
as compared to the bulk of the film. For the annealed
film, the top surface is terminated abruptly by relatively
flat plateaus, in agreement with the results of the NC-
AFM measurements. From TEM images taken at lower
resolutions, we observe that the Co3O4 layer thickness re-
mains constant before and after annealing, at 25 nm, with
a roughness modulation of about 3.3 nm in amplitude for
the as-grown film (this is not in disagreement with the
AFM roughness values: more localized probes tend to give
higher roughness values due to higher spatial resolution).
One effect of annealing is that of reducing drastically the
surface roughness, which indicates a significant thermally
activated mass transport during annealing; given the small
lattice mismatch between Co3O4 and MgAl2O4, the state
of lowest surface energy (area) seems to be that of thermo-
dynamic equilibrium, while the roughening process must
be kinetically set during the film growth. Overall, the
TEM measurements indicate that post-growth annealing
results in films that have improved crystal structure and
atomically sharp and flat interfaces.
3. Discussion and conclusions
As we have shown above, the as-grown epitaxial Co3O4
films are characterized by a certain amount of disorder and
by a surface atomic configuration that yields an oblique
LEED pattern, consistent with a preferential termination
of the Co3O4(110) surface in a B plane. On the other hand,
annealing improves the bulk and interface crystalline or-
der, smoothens the surface, and changes the termination to
a Co3O4(110) A plane. The transmission-like spots in the
RHEED patterns obtained during growth indicate that the
film roughens as it grows. Such roughening can be a result
of kinetic limitations, for example a barrier for adatoms
to descend steps, or thermodynamics. Since the lattice
match is essentially perfect, strain can be eliminated as
a potential thermodynamic driving force for roughening,
leaving surface energetics as the only viable driving force
for roughening. Because the Co3O4 (110) surface is po-
lar, the electrostatic contribution to its surface energy in-
creases linearly with film thickness. Therefore, one can
envision a growth sequence in which the film is initially
flat because the electrostatic contribution to the surface
energy for a film only a few layers thick is modest; as the
film thickens, however, the surface energy increases until
the energy is reduced by film faceting. The problem with
this explanation is that the surface diffraction data indi-
cates that the film still exposes predominantly polar (110)
facets. The results, therefore, suggest that the roughen-
ing is more the result of kinetic limitations during growth
than thermodynamics. The observation of the A termi-
nation of the substrate and the film after annealing, but
the B termination during growth, suggests a potential ki-
netic limitation to forming the apparently lower energy A
termination during growth.
For the B termination, where the background in the
LEED patterns is high, it is possible that subsurface lay-
ers may contribute to the LEED pattern, and the broad
diffraction spots, also observed in the RHEED data, sug-
gest disorder or small domains for this surface. For the an-
nealed surface (A termination), however, the LEED back-
ground intensity is very low, with very sharp diffraction
spots. The electron mean free path is at a minimum at
around 50 eV in LEED, and our data shows that in the
range from 40 eV to 150 eV there are no changes in the
LEED pattern and no discernible increase in the back-
ground intensity, indicating that we are probing the top-
most surface layer and that the presence of a disordered
surface layer can be ruled out.
Although the MgAl2O4(110) substrate, the as-grown B
terminated Co3O4, and the annealed A terminated Co3O4
are all polar surfaces, only (1× 1) surface diffraction pat-
terns were observed. The divergent electrostatic surface
energy of polar surfaces can be compensated in a variety
of ways, including surface reconstructions, surface defects,
and adsorption of polar molecules at the surface [10, 11].
Several theoretical calculations of the surface energies of
the (110) surface of MgAl2O4 consider significant mod-
ifications of the bulk termination surface to remove the
charge dipole, for instance by removing half the atoms
in the type-A termination (Fig. 1) or considering a sur-
face composed of O only (which yields the lowest surface
energy) [11, 48, 49, 50]. These calculations also predict
large surface relaxations of the surface atoms; in addition,
surface inversion in the spinel structure, whereby B3+ ions
swap position with A2+ ions of the layer below, also results
in significantly lower surface energies [48]. The observed
(1× 1) LEED patterns rule out any compensation mecha-
nism that involves a periodic surface reconstruction. While
these patterns are still compatible with a modified surface
composition which keeps the surface unit cell periodicity,
this must be achieved while achieving charge compensa-
tion. This issue has been addressed in the literature for
MgAl2O4(110) surfaces [11, 48, 49, 50], which show that
charge compensation leads to large modifications to the
surface composition; this would lead to larger surface unit
cells, and to smaller unit cells in LEED, which is not ob-
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Figure 7: Cross-sectional transmission electron micrographs of the as-grown (left) and annealed (right) 25 nm Co3O4 films along the (100)
plane at the MgAl2O4/Co3O4 interface (top) and across the Co3O4/epoxy interface (bottom). The white dot pattern distance along the [110]
direction (along the direction of the arrows) corresponds to the oxygen sublattice distance along the [110] direction,
√
2aMgAl2O4/4 = 2.86
A˚. The arrows on the top images indicate the approximate position of the interface. Insets correspond to electron diffraction patterns of the
MgAl2O4 substrate (top image) and of the Co3O4 and MgAl2O4 (bottom images).
served. The adsorption of molecules at the surface should
also be considered as a possible mechanism leading to sta-
bilization of the A and B terminations. For example, it is
now recognized that the long-range 1×1 ordering of the po-
lar (0001¯) surface of ZnO is likely due to hydroxylation of
the surface [51, 52, 53, 54]. In the present case, adsorption
of H in the form of protons could screen the charge on the
B-terminated surface, which would be negatively charged
for the bulk termination, while water dissociation could re-
sult in OH− radicals and screen the A-terminated surface,
which is positively charged for the bulk truncation. While
this could explain the shoulder in the 1s O peak of the
Co3O4 XPS spectra [33, 37], it is unlikely that they would
give the same signature in the two cases. In fact, the shoul-
der is identical for both terminations, with little variation
in energy and intensity for both the as-grown samples,
measured immediately after growth, and for the annealed
samples, which are cleaned in an O-plasma after been ex-
posed to air (this shoulder is often assigned to adsorbed
O [32, 38, 39]). Therefore, assignment of the shoulder to
H on the surface cannot provide the needed screening for
both surfaces. Instead, we propose that the surfaces are
compensated by an ionic exchange mechanism, which in
the case of Co3O4 reduces to filling and depleting surface
electronic states on opposite sides of the film. An estimate
of the degree of charge transfer can be obtained by assum-
ing the formal charges on the ions. As described in the
Introduction, along the [110] direction the spinel structure
is composed of alternating, equally spaced A2+ and B2−
planes. In this case, the thickness dependent component
of the surface dipole can be eliminated by placing charges
of ±1 per surface unit cell on opposite sides of the crystal
[10]. For the spinel, changing the stoichiometry of the two
outermost layers to MgAl5O8 and Mg3Al3O8 can provide
the necessary ±1 charges. For Co3O4 this same charge
compensation is achieved by transferring an electron from
one side of the crystal to the other, thereby oxidizing one
Co2+ to Co3+ on one side, and reducing one Co3+ to Co2+
on the opposite side; or in a more general picture, filling
a surface state on one side and depleting it on the other.
As noted by Noguera [10], more precise modeling of the
charges on the ions does not appreciably change this pic-
ture. Because the electron scattering cross-sections are
nearly the same for Al and Mg, and are unchanged for
Co3O4, this model is consistent with the observed (1× 1)
diffraction patterns.
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The model proposed above suggests that the A-
terminated annealed surface should have a unique filled
surface state that does not exist in the bulk, and may con-
fer the surface with unique electronic and magnetic prop-
erties in a manner analogous to the metallic behavior ob-
served for LaAlO3/SrTiO3 interfaces. We are currently
further investigating this possibility using ultraviolet pho-
toemission spectroscopy. Real space images of the atomic
surface order, for instance as imaged by AFM or STM, will
also be particularly useful in developing a more complete
picture of the charge compensation mechanisms at work.
In summary, we have demonstrated the growth of high
quality epitaxial Co3O4(110) thin films on MgAl2O4(110)
by oxygen assisted molecular beam epitaxy. Post-
annealing is found to improve considerably the film char-
acteristics, as shown by several reciprocal and real space
probing techniques. Two different surface terminations of
the Co3O4(110) surface are observed for the as-grown and
annealed films, which are associated with the two possible
terminations of the bulk Co3O4(110).
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